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DEVICE FOR PROCESS-TYPE DEPOSITION OF
POLYCRYSTALLINE SILICON ON CARBON
FILM

FIELD OF THE INVENTION

This invention concerns a device for depositing on a
continuous-flow or process-type basis a layer of poly-
cristalline silicon on a carbon film, said device being of
a type comprising a crucible, an electrical system for
feeding silicon to the crucible, crucible heating means
enabling the formation of a molten silicon bath in the
crucible, and means for upwardling transporting at a
constant speed the carbon film passing vertically

through the equilibrium surface of the bath in order to

deposit said layer.

BACKGROUND OF THE INVENTION

A device of this type is known as per document FR-
A-2,386,359.

The silicon-coated carbon films obtained with this
device can be used to make solar cells. It is important,
from the users’ point of view, to obtain a constant depth
of deposited silicon on the film. However, as has been
shown, the coating thickness for any given pulling
speed of the film depends on the temperature of the
molten silicon or melt, said temperature changing rap-
idly with the level of the equlibrium surface of the melt.
It 1s thus necessary, in order to have a constant thick-
ness of deposited silicon, to stabilize the level of the
melt.

This invention is directed to stablhzmg over tlme the
level of the molten silicon bath in devices of the above-
mentioned type. It is also directed to enabling the set-
ting at a predetermined, constant value of the thickness
or depth of the silicon layer deposited by means of such
a device,

SUMMARY OF THE INVENTION

Accordingly, the invention provides a device for
continuous-flow or process-type deposition of a layer of
polycrystalline silicon on a carbon film, said device
being of the type specified hereinabove and further
comprising:

an optical system centered on a fixed axis in relation

to the crucible, said system being arranged to form
an image of one area of the silicon surface, said area
extending from just above to just below the liquid-
silicon to solid-deposited-silicon interface line;

a photodetector arranged to receive said image and

- operable to responsively deliver an electric mea-
surement signal corresponding to the liquid level in
the crucible;

and a servo system connected to the electrical output

of the photodetector and operable to compare the
measuring signal with a reference signal standing
for a preset level of the molten bath to yield an
error signal, said servo system being connected to
the electrical drive for the crucible’s silicon feed
system so as to control crucible feed to reduce said
error signal.

In one embodiment of the device according to the
invention, said device further comprises:

means of measuring the thickness of the silicon coat

deposited onto the carbon film,

and a second servo system connected to the measur-

Ing means, operable to determine the difference
between the measured thickness and a preset refer-
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ence thickness, said second servo system being
connected to said initially-mentioned crucible heat-
Ing means in order to adjust heating to reduce said
last-mentioned difference.

In an alternative embodiment of the device according

to the invention, said photodetector includes:

two photocells, the photosensitive surfaces thereof
being coplanar and juxtaposed on either side of a
dividing line, said detector being arranged so that
the dividing line cuts the image of said liquid-solid
interface at other than a 90° angle,

and a processing system connected to the output of
the cells, said processing system consisting of
means for summing and subtracting the output
signals from the two cells and means for dividing
the sum signal by the difference signal so obtained
said latter means being able to deliver said electric
measuring signal, said measuring signal being unaf-
fected by the time-dependent changes in the lumi-
nous power emitted by said image area.

BRIEF DESCRIPTION OF THE DRAWINGS

Different embodiments of the device accordmg to the
invention shall now be described in greater detail, as
non-himiting examples, with reference to the appended

drawings in which:

FIG. 1 1s a diagram of one embodiment of the inven-
tion;

FIG. 2 is 2 more detailed diagram of a preferred
embodiment of a melt level tracking system for a device
of the type depicted in FIG. 1;

FIG. 3 1s a diagram of a second embodiment of the
invention;

F1G. 4 1s a more detailed dlagram of the photodetec-
tor used i1n the device depicted in FIG. 3; |

and FIG. § shows the photosensitive surfaces of two
photocells being part of the photodetector depicted in
FIG. 4.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 shows a silica crucible 1 the outside walls
whereof are surrounded by an induction furnace or
other suitable heating means 2. The crucible 1 contains
a bath or silicon melt 3 whose equilibrium surface
within the crucible reaches a level H. The bottom of
said crucible 1 is provided with a gauged slit 4 through
which passes vertically a carbon film 5 being pulled up
vertically through the equilibrium surface of the melt 3.
Mechanical means (6,7) are provided to transport the
film 5 upwardly in the direction of arrow 8.

Electromechanical means 9 are provided at the edge
of the crucible 1 to feed solid silicon thereinto. Said
means 9 essentially consist of a hopper 10 of sized sili-
con pellets, an outlet duct 11 sloping to the inside of the
cructble and an electromechanical dispenser 12 mechan-
ically linking the hopper 10 with the outlet duct 11.

An optical system, schematically represented by a
simple focusing lens 13 associated with a diaphragm 14,
1s centered on an axis 15 fixed in relation to the crucible -
and located slightly above the level of the melt 3. The
electrical output of a photodetector 16 arranged on the
axis 13 is connected via a servo system 17 to the electri-
cal drive of the dispenser 12. This detector 16 may, for
example, be a solar cell.

A thickness measuring apparatus 18 surrounds the
carbon film S on leaving the melt 3. This apparatus 18 is
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connected, via a second servo system 19 and a control
circit 20, to the electrical input of the furnace 2.
The device depicted in FIG. 1 operates as follows:
The film S transport means 6, 7 pull the film through
the melt at a constant speed. In the process, the equilib-

rium level of the melt rises along the two faces of the
film to form two menisci 21 and 22, whilst two coats 23
and 24 of polycristalline silicon deposit onto the faces of
film 3 as 1t leaves the melt 3. A liquid-solid interface line

25, seen as a point in FIG. 1, is established between the
molten silicon of the melt 3 and the solid silicon of the
coating layer 23. This interface line occurs at the upper
limit of meniscus 21, at a height h above the level of the
melt. Such level elevation h results from capillary at-
traction and is practically independent of the level, as
well as the temperature of the melt, or enough so to be
considered constant.

Deposition of polycristalline silicon layers on the
carbon film, by bringing about a loss of matter from the
melt, tends to lower the level of the melt. To compen-
sate such loss of matter, the feed system 9 feeds silicon
pellets one at a time into the melt through outlet 11, at
a rate controlled by the electrical signal supplied by
servo system 17 to the electromechanical dispenser 12.

The optical system 13, 14 1s mounted near the cruci-
ble 1 such that its axis 15 cuts the interface line 25 when
the melt 1s at a level H at which it may desirably be
stabilized. Lens 13 images onto the sensitive surface of
detector 16 a small area of the silicon surface extending
- from just above to just below the liquid-solid interface
line 2§, specifically that area defined by the diaphragm
- 14. The axis 15 of the optical system may be either
.. horizontal, as depicted in FIG. 1, or slightly offset from
horizontal to prevent masking by the crucible edge of
the small-area image on the detector 16. The part of said
image corresponding to the liguid silicon is much
..darker than that corresponding to the solid silicon, since
-liquid silicon i1s far less luminous than solid silicon near
 1ts melting point. The photodetector 16 delivers a signal

the amplitude whereof is directly related to the illumi-
- nation received. This signal thus varies as the dividing

Iine between the two parts of the image moves about the
sensitive surface of the detector.

Accordingly, given that h has a constant value, any
change in the melt level brings about an equal and same-
directional change in the level of the interface line 25
which 1n turn causes a matching change in the electrical
output of photodetector 16. The servo system 17 com-
pares said electrical output to a reference signal to con-
stitute an error signal. System 17 also controls the feed-
rate of silicon pellets in view of reducing the error sig-
nal. The device depicted in FIG. 1 therefore makes it
possible to stabilize the melt level at a preset value.

The depth or thickness of the coat of polycristalline
silicon deposited onto the film § varies with the temper-
ature of the melt, approximately by a few micrometers
per degree centigrade. Moreover, the melt temperature
itself varies as a function of melt depth or level, approxi-
mately by 3 degrees C per millimeter level change. The
above-described device further enables melt-level-
induced melt temperature variations to be avoided. By
varying the melt temperature through control of the
heat supplied by the furnace 2, it is possible to adjust the
thickness of the silicon layer being deposited onto the
carbon film.

This adjustment can be made by means of the measur-
ing apparatus 18, which can consist for example of an
X-ray Or gamma ray probe, or a capacitative probe,
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4

supplying an electric measuring signal representing the
thickness of the deposited layer of silicon. The second
servo system 19 compares this signal to a reference
signal and controls, via circuit 20, the power provided
by furnace 2 i1n order to lessen the difference between

the measuring or process signal and the reference signal.
Said servo system can include means for changing the
reference signal in view of a corresponding change in
the thickness of deposited silicon.

The elements of an optical system as mentioned
above for sighting the liquid-solid interface line 25 are
diagrammed in FIG. 2. The system shown comprises, in
the order of their alignment along axis 15 from line 25 to
photodetector 16, filters 26, a lens 27, an optical relay
28, an eyepiece 29 and the diaphragm 14. |

Between the optical system 28 and the eyepiece 29 is
provided an optical plate 30 which 1s partially reflecting
the tilted 45° with respect to axis 15 to reflect along an
axis 31 part of the light coming from the target area on
line 25. A second eyepiece 32 including a reticle 33 is
centered on axis 31 to allow an operator’s eye 34 to
observe the target area.

In the device depicted in FIG. 1, the electrical output
of the photodetector 16 is directly coupled to the input
of the servo system. The electrical output signal from
the detector 1s proportional to the light energy from the
target area impinging on detector’s photosensitive sur-
face. This energy is representative of the silicon melt
level 1n the crucible.

However, it appears that the luminous power of the
target area can change over time, regardiess of the melt
level, for a variety of reasons, and especially when the
temperature of the silicon located in said target area
itself changes. Such changes in luminous power inter-
fere with silicon melt level control.

The device 1illustrated in FIG. 3 1s designed to pre-
vent such luminous-power-induced interferences with
melt level control. The figure shows a silica crucible 1
the outside walls of which are surrounded by a furnace
2, such as an induction furnace for example. Said cruci-
ble 1 contains a bath or silicon melt 3 whose equilibrium
surface within the crucible reaches a level H. The bot-
tom of said crucible 1 is provided with a gauged slit 4
through which passes vertically a carbon film § being
pulled up vertically through the equilibrium surface of
the melt 3. Rollers 6 and 7 transport the film 5 upwardly
in the direction of arrow 8.

Electromechanical means are provided at the edge of
the crucible 1 to feed sohid silicon thereinto. Said means
9 essentially consist of a hopper 10 of sized silicon pel-
lets, an outlet duct 11 sloping to the inside of the cruci-
ble and an electromechanical dispenser 12 mechanically
linking the hopper 10 with the duct 11.

An optical system 13, schematically represented by a
single lens associated with a diaphragm 14, 1s centered
on an axis 15, fixed in relation to the crucible, and lo-
cated slightly above the level of the melt 3. Along said
axis 15 1s arranged a photodetector consisting of an
assembly of two photocells 35 and a signal processing
system 36 the input whereto is connected to the electri-
cal outputs of the two cells. The processing system’s
output is connected, via a servo system 17, to the elec-
frical drive of the dispenser 12.

A thickness measuring apparatus 18 surrounds the
film 5 where it leaves the melt 3. Measuring apparatus
18 is connected, via a second servo system 19 and a
control system 20, to the electrical input of the furnace
2.
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FIG. 4 is a diagram of the photodetector constituted
by the assembly 35 of two photocells and the processing
system 36 connected thereto. Said photoelectric cells
are designated by the numbers 37 and 38. The electrical
outputs of cell 37 drive a current-to-voltage converter
39 and those of cell 38 drive a second converter 40,
similar to converter 39, both of said converters being
part of the processing system 36. The outputs of con-
verters 39 and 40 are connected on the one hand respec-
tively to the two inputs of a subtracting circuit 41 and
on the other hand to the two inputs of a summing circuit
42. The subtractor and summing circuit outputs are
respectively connected to the two inputs of a divider
circuit 43 the output thereof being the output of the
processing system.

FIG. 5 shows the photosensitive surfaces 44 and 45 of
the two photocells 37 and 38 making up assembly 35.
Surfaces 44 and 435 are shaped as rectangular isosceles
triangles and are arranged opposite one another in the
same plane, separated by a dividing line 46 parallel to
the base of both triangles and very close to said bases.
Such a two-cell assembly can be obtained by photoetch-
Ing a narrow channel into the junction area of a square

- solar cell so that said channel conicides with the diago-

nal of the square.
The device 111ustrated in FIGS. 3, 4 and 5§ operates as
follows:
The carbon film 5 transport means 6, 7 pull the film
“"through the melt at a constant speed. In the process, the
“equilibrium level of the melt rises along the two faces of
the film to form two menisci 21 and 22, whilst two coats
23 and 24 of polycrystalline silicon deposit onto the
faces of film 5§ as it leaves the melt 3. A liquid-solid
interface line 25, seen as a point in FIG. 1, is established
between the molten silicon of the melt 3 and the solid
silicon of the coating layer 23. This interface line occurs
at the upper limit of meniscus 21, at a height h above the
level of the melt. Such level elevation h results from
- capillary attraction and is practically independent of the
level, as well as the temperature, of the melt, or enough

... 80 to be considered constant. Accordingly, the height of

. the liqmd-solid interface 25 is directly related to the
level H of the melt.

Deposition of polycrystalline silicon layers on the
carbon film, by bringing about a loss of matter from the
melt, tends to lower the level of the melt. To compen-
sate such loss of matter, the feed system 9 feeds silicon
pellets one at a time into the melt through outlet 11, at
a rate controlled by the electrical signal supplied by
servo system 17 to the electromechanical dispenser 12.

The optical system 13, 14 is mounted near the cruci-
ble 1 such that its axis 15 cuts the interface line 25 when
the melt 1s at a level H at which it may desirably be
stabilized. Lens 13 images onto the sensitive surface of
photocell assembly 35 a small area of the silicon surface
extending from just above to just below the liquid-solid
interface line 2§, spec1ﬁcally that area defined by the
diaphragm 14. The axis 15 of the optical system may be
either horizontal, as depicted in FIG. 3, or slightly off-
set from horizontal to prevent masking by the crucible
edge of the target area image.
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sensitivity for the system. Said__image 47 of the interface
hine is shown in FIG. 5 as passmg through the trace
point of axis 15 on the receiving surface since axis 15
intersects interface line 25 (FIG. 3).

Assuming that the optlcal system 13 includes image
erecting means, the portmn of the receiving surface
located below line 47 is associated with the liquid sili-
con in the target area. This portion, represented with
hatched lines in FIG. 5, is considerably less illuminated
than the portion above line 47, for liquid silicon is far
less luminous than solid silicon near its melting point.

As the level of the molten silicon rises or falls, the
interface line image moves up or down in relation to
line 47. Each photocell 37, 38 supplles a current propor-
tional to the total flux it receives, said current being
converted by the cutput-coupled converter into a volt-
age signal A, B. The receiving surface of photacell
assembly 35 consists of two fields: a first field receiving
the light from the liquid silicon and a second field
lighted by the solid silicon at a power P, the contrast
between the lighting of these two said fields being on
the order of 1:20. It can thus be stated that the current
supplied by each cell in response to the first field is

negligible compared with the current corresponding to

the second field. Every signal A or B is thus substan-

- tially proportional to P and to the area of the cell’s
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The photosensitive surfaces 44 and 45 lie in a plane |

perpendicular to the plane of FIG. 3 and the center of
the square making up the receiving surface of cell as-
sembly 35 is on axis 15. Said square is rotated so that the
image of the interface line 25 thereon intersects the
dividing line 46 at other than a 90° angle and preferably
at an angle of 45°, said latter angle affording the greatest

65

second field. It is thus apparent that the output signal
from the processing system 36, which is equal to

A - B
A+ B’

indicates the level of the interface line and, pursuant, of
the silicon melt, since the value of h is constant. The
servo system 17 compares the electrical signal supplied
by the processing system 36 with a reference signal to
yield an error signal and controls the rate of feed of
silicon pellets to reduce this error signal; The device
shown in FIG. 3 thus makes it possible to stabilize the
level of the melt at a preset level.

The thickness of the coat of polycnstallme silicon
deposited onto the carbon film § varies with the temper-
ature of the melt, by a few micrometers per degree C,
approximately. Moreover, the temperature of the melt
changes as a function of the level of the melt, by approx-
imately 3 degrees C per millimeter. The device accord-
ing to the invention just described enables melt-level-
induced melt temperature variations to be avoided.
Thus, by varying the temperature of the melt thmugh

control of the heat supplied by the furnace 2, it is possi-
ble to adjust the thickness of the silicon layer being o

deposited onto the carbon film.

Thickness control can be adjusted by means of the
measuring apparatus 18, which may be of any suitable
type, such as an X-ray or gamma ray probe, a capacita-
tive probe, or a differential system of mechanical sen-
sors, supplying an electric measuring signal represent-
ing the thickness of the deposited layer of silicon. The
second servo system 19 compares this signal to a refer-
ence signal and controls, via circuit 20, the power pro-
vided by furnace 2 in order to lessen the difference
between the measuring or process signal and the refer-
ence or set point signal. Said servo system 19 can in-
clude means for changing the reference signal in view
of effecting a corresponding change in deposited layer
thickness. o

The electrical signal output from processing system
36 1s independent of the power P of light radiated by the
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silicon, and is thus also independent of changes in said
power P over time. It has been shown in fact that said
power P can change over time due to temperature vari-
ations of the silicon, homogeneity variations of the sili-
con, or variations of the light emitting lobe of the silicon °

caused by deformation of the carbon film. The device
according to the invention thus enables control of the

level of the silicon melt without interference from
changes in the luminous power P.

Such a device could be readily applied to the large
scale manufacture of solar cells.

We claim:

1. A device for process-type deposition of a coat of
polycrystalline silicon or carbon film, said device com- 4
prising a crucible, an electrical system for feeding sili-
con to said crucible, crucible heating means enabling
the formation of a silicon melt in said crucible, and
means for upwardly transporting at a constant speed the
carbon film passing vertically through the equilibrium 20
surface of the melt in order to deposit said silicon coat,
sald device further comprising:

an optical system centered on an axis fixed in relation

to said crucible, with said optical system fixed axis

10

set to form a hot silicon radiation image of one 27

specific target area of the silicon surface extending
from just above to just below the interface line
between the liquid silicon and the solid silicon
deposited onto said carbon film,

a photodetector arranged to receive said 1mage and
operable to responsively deliver an electric mea-
suring signal representative of the liquid level in
said crucible,

and a servo system connected to the electrical output 35
of said photodetector and operable to compare the
measuring signal with reference signal representa-
tive of a preset level of the melt to yield an error
signal, and said servo system being connected to
the electrical drive for the crucible’s stlicon feed 49
system so as to control crucible feed to reduce said
error signal.

2. Device as claimed in claim 1, further comprising:

an apparatus for measuring the thickness of the sili-
con coat deposited onto the carbon film, 45
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and a second servo system connected to the measur-
ing apparatus, operable to determine the difference
between the measured thickness and a preset refer-
ence thickness, said second servo being connected
to said crucible heatng means to adjust heating so
as to reduce said thickness difference.
3. Device as in claim 1, wherein said optical system
includes a diaphragm to define said target area on the
silicon surface.
4. Device as claimed in claim 1, wherein the photode-
tector comprises:
two photocells with photosensitive surfaces thereof
being coplanar and juxtaposed opposite one an-
other across a dividing line, said detector being
arranged so that said dividing line intersects said
imaged interface line at other than a 90° angle,

and a processing system connected to the output of
the photocells, said processing system consisting of
means for summing and subtracting the output
signals from the two said cells and means for divid-
ing the difference signal by the sum signal so ob-
tained, said latter means being able to deliver said
electric measuring signal, said measuring signal
being unaffected by the time-dependent changes in
the luminous power emitted by said traget interface
area.

5. Device as claimed in claim 4, wherein said process-
ing system comprises two current-to-voltage converters
respectively connected to the outputs of said two pho-
tocells, said means for summing and substracting com-
prising a summing circuit and a subtracting circuit, each
of said latter two circuits having two inputs connected
to the outputs of said two converters, and said means for
dividing comprising a dividing circuit having two in-
puts respectively connected to the output of said sum-
ming circuit and the output of said subtracting circuit.

6. Device as in claim 4, wherein said imaged interface
line and said photocell dividing line intersect at a 45°
angle on said photosensitive surface.

7. Device as in claim 4, wherein said photosensitive
surfaces of said two photoelectric cells consist of the
photosensitive surface of a solar cell, divided into two
portions by a channel provided at the location of said

“dividing line.
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